Resistance and aerobic exercise protects against acute endothelial impairment induced by a single exposure to hypertension during exertion. J Appl Physiol 110: 1013-1020, 2011. First published January 20, 2011 doi:10.1152/japplphysiol.00438.2010.-Resistance and aerobic exercise is recommended for cardiovascular health and disease prevention. However, the accompanying increase in arterial pressure during resistance exercise may be detrimental to vascular health. This study tests the vascular benefits of aerobic compared with resistance exercise on preventing impaired vascular function induced by a single weight lifting session that is associated with acute hypertension. Healthy, lean sedentary (SED) subjects, weight lifters, runners (Ͼ15 miles/wk), and cross trainers (chronic aerobic and resistance exercisers), underwent a single progressive leg press weight lifting session with blood pressure measurements. Brachial artery flow-mediated vasodilation (FMD; an index of arterial endothelial function) was determined using ultrasonography immediately before and after weight lifting. Sublingual nitroglycerin (0.4 mg) was used to determine endothelium-independent dilation after weight lifting. All subjects were normotensive with similar blood pressure responses during exercise. Baseline FMD was lower in runners (5.4 Ϯ 0.5%; n ϭ 13) and cross trainers (4.44 Ϯ 0.3%; n ϭ 13) vs. SED (8.5 Ϯ 0.8%; n ϭ 13; P ϭ 0.037). Brachial FMD improved in conditioned weight lifters (to 8.8 Ϯ 0.9%; P ϭ 0.007) and runners (to 7.6 Ϯ 0.6%; P Ͻ 0.001) but not cross trainers (to 5.3 Ϯ 0.6%; P ϭ NS) after acute hypertension. FMD was decreased in SED (to 5.7 Ϯ 0.4%; P ϭ 0.019). Dilation to nitroglycerin was similar among groups. These data suggest that endothelial responses are maintained after exposure to a single bout of weight lifting in resistance and aerobic athletes. Resistance and aerobic exercise may confer similar protection against acute vascular insults such as exertional hypertension.
IT IS WELL RECOGNIZED that exercise protects against the development of cardiovascular disease (40) . While aerobic exercise clearly improves cardiovascular function (46) , the benefits of resistance exercise are less certain. Participants in resistance training programs are known to suffer fewer postexertion cardiac events (29) , and resistance exercise is commonly recommended for cardiovascular health and disease prevention (39) . The mechanism whereby chronic exercise protects against increased risk of cardiovascular events after acute exercise is unknown.
The vascular endothelium is critical in the regulation of vascular health, likely through release of endothelial-derived factors such as nitric oxide (NO), which confer anti-proliferative, anti-inflammatory, and anti-thrombotic properties in addition to vasodilation (46a) . Abnormal endothelial function marked by reduced dilation to an increase in flow (endotheliumdependent flow-mediated dilation; FMD) is an early hallmark of cardiovascular disease and a strong prognostic factor for future cardiovascular events (10, 15, 22, 25, 37, 49) . Exercise training has been shown to improve peripheral vascular endothelial function in patients with cardiovascular disease (7) . However, weight lifting can induce large, transient increases in arterial pressure (26, 31) and an associated pro-inflammatory response involving oxidant stress and circulating cytokines (27) known to impair endothelial function.
In previous studies, we observed impaired vascular endothelial function following a single weight lifting session in sedentary subjects but not conditioned weight lifters (26) . Despite similar increases in arterial pressure to exercise, sedentary subjects demonstrated impaired FMD vs. conditioned weight lifters following exercise. The effects of transient elevations in arterial pressure on impaired endothelial function can last at least 2.5 h (28), making it important to understand the relationships between chronic exercise and the protection against the risk of reduced vascular endothelial function after acute exercise. Therefore, the purpose of this study was to test the hypothesis that endurance runners, weight lifters, and athletes participating in both running and weight lifting are protected from endothelial dysfunction after weight lifting associated with acute hypertension.
METHODS
Study participants and group assignment. All protocols were approved by the Institutional Review Boards of the Medical College of Wisconsin and the University of Illinois at Chicago. Fifty-three male subjects without known cardiovascular risk factors were recruited for this study. Of these, 13 subjects were conditioned weight lifters (CWL), performing at least 1 h of lower extremity weight lifting at least three times per week for the 6 mo prior to the study. An additional 27 subjects were runners (RUN; n ϭ 13) or cross trainers (CT; n ϭ 14) running at least 15 miles/wk alone (RUN) or in combination with weight lifting (CT) at least three 45-min sessions per week for the 6 mo before the study. Finally, a group of 13 sedentary control subjects (SED) was recruited as inactive controls who did not engage in any exercise programs for 13 mo prior to study. Subjects were excluded if they had hypertension, hypercholesterolemia, diabetes, smoking, pregnancy, pituitary tumor, thyroid disorder, chromosomal abnormalities, known adverse reaction to nitroglycerin, known hypercoagulable state, anorexia nervosa, bulimia nervosa, or tobacco 6 mo prior to enrollment.
After subjects gave written informed consent, they provided a medical history and underwent physical examination at least 12 h after their last exercise training session (athletic groups) and 24 h after taking vitamin supplements at enrollment. A Block brief food fre-quency questionnaire was used to determine dietary intake and nutritional content (8) . This study recruited only men to exclude the confounding effects of endothelial dysfunction observed in women runners with athletic amenorrhea (50) and to avoid fluctuations in FMD observed during the menstrual cycle (23) . In separate studies, physical activity was estimated by an accelerometer (ActiGraph GT1M) worn for 24 h for 5 consecutive days. Activity counts were recorded during this period, analyzed in 1-min epochs, and then categorized into one of four activity levels: sedentary [441 counts (Ͻ1.5 METs)], light [441-2260 counts (1.5-3 METs)], moderate [2,260 -5,896 counts (3-6 METs)], and vigorous [Ͼ5,896 counts (Ͼ6 METs)]. Data were reported as minutes of physical activity (light, moderate, and vigorous) as previously described (14, 43) .
Brachial artery measurements of flow-and nitroglycerin-mediated dilation. Brachial artery flow-mediated vasodilation was assessed in the fasting state (at least 12 h) in the morning (8:00 to 10:00 AM), prior to and within 30 min following leg press exercise as previously described (26) . Ultrasound imaging (GE Logiq 500) of the brachial artery was performed in a longitudinal plane at a site 1-3 cm proximal to the antecubital fossa, with the arm abducted ϳ80°from the body and the forearm supinated. The ultrasound probe (11 MHz) was positioned to visualize the anterior and posterior lumen-intima interfaces to measure diameter or central flow velocity (pulsed Doppler). The probe site was marked for accurate repositioning after exercise. After baseline images were recorded, a BP cuff on the forearm was inflated to 200 mmHg for 5 min. To assess FMD, images of the brachial artery in longitudinal cross section were recorded continuously throughout the entire study onto a VHS tape. From the recorded images, 100 frames (10 frames/s for 10 s) were captured and digitized using edge detection software at baseline and 1, 2, and 3 min after cuff deflation (12) . Baseline brachial flow velocity and peak velocity after cuff release were recorded using central velocity measures described previously (30) . This process was repeated immediately after resistance exercise with the same transducer placement. Ten minutes after brachial flow and diameter returned to baseline, sublingual nitroglycerin (NTG; 0.4 mg) was administered and brachial images were recorded at 2, 3, 4, and 5 min after administration. NTG was given after exercise and the second FMD to 1) avoid any residual effects of NTG during the post-exercise measurement and 2) because the duration of the effects of acute weight lifting exercise on vascular function are unknown, making it difficult to predict an appropriate wash-out period for acute exercise.
Images were digitally recorded using Brachial Imager (Medical Imaging, Iowa City, IA) and analyzed as previously described (38) . Percent FMD and the response to NTG were calculated using the averaged minimum mean brachial artery diameter at baseline compared with the largest mean values obtained after release of the forearm occlusion or administration of NTG. Shear rate was calculated as blood velocity (cm/s) divided by vessel diameter (cm; Ref.
9).
Exercise protocol. A free-weight leg press machine was used for this study as previously described (26) . Subjects sat in the machine with legs superior at an ϳ30°angle. Weight was added using standard steel plates. Subjects familiar with the machine performed a warm-up with minimal resistance, one or two sets of 8 -12 repetitions each, and then attempted near maximal exertion for two or three more sets of six to eight repetitions each. Subjects not familiar with the machine (SED and RUN) each started with minimum resistance (ϳ90 pounds) and weight was added as tolerated. The maximum weight lifted was determined by the subject but each subject was encouraged to continue to add resistance until systolic blood pressure reached Ͼ170 mmHg.
Blood pressure. Baseline blood pressures were recorded with subjects resting supine using a DynaMap automated blood pressure machine. Systolic blood pressures during exercise were taken using the right arm by brachial auscultation and palpation of the radial artery (using the higher value) with a mercury sphygmomanometer. Exercise blood pressures were obtained when subjects were at near maximal effort during a momentary hold of the final repetition.
Laboratory analysis. Blood samples were drawn before and immediately after each weight lifting session. Plasma glucose concentration was measured using the glucose oxidase procedure (Beckman II autoanalyzer). Triglycerides (Stanbio), total cholesterol, and HDL and direct LDL cholesterol (Roche Diagnostics) were measured with spectrophotometric assays. High sensitivity C-reactive protein was measured with an enzyme immunoassay (MP Biomedicals). The pro-inflammatory HDL assay was measured based on previously described methods (36) . Briefly, 1 g of HDL cholesterol was incubated with CuCl2 (5 mM, final concentration) at 37°C for 1 h using a 384-well plate (Corning, NY) in duplicate. After incubation, 2 g of 2=7=-dichlorofluorescein diacetate (DCFH-DA) was added to HDL-CuCl 2 mixture in each well in a total volume of 50 l. Fluorescence intensity is measured at an excitation wavelength of 485 nm and an emission wavelength of 530 nm on the microplate reader (SpectraMax Gemini EM, Molecular Devices).
Power analysis. Sample size was estimated for comparison of differences in change in brachial artery dilation before and after a single weight lifting session between the groups. The sample size (n ϭ 13/group) achieves 80% power to detect a difference of at least 50% with an ␣ of 0.05.
Statistical analysis. Subjects served as their own controls. Comparisons of FMD between groups were made using repeated-measures ANOVA. Where repeated-measures ANOVA showed a statistically significant defect for FMD, t-tests were performed for individual differences between time points (paired) or between groups at a single time point (unpaired). Comparisons of brachial artery diameter, percent brachial artery FMD, normalized FMD, BP, and blood markers of inflammation were made using repeated-measures ANOVA. Tukey's post hoc test was used for multiple comparisons. Baseline physiological characteristics (age, cholesterol, LDL, glucose, SBP) were compared using ANOVA. For covariate testing, a random effect model with a group-by-time interaction in the model was used to compare FMD change over time between groups. The same random effect model with adding additional covariates (CRP, lipids, baseline BP, maximum BP during exercise, amount of weight lifted, brachial artery diameter, and shear rate) in the model was used for testing if the covariates impact the group effects on the FMD change over time. Means Ϯ SE were reported and P Ͻ 0.05 was considered significant.
RESULTS

Patient demographics and baseline physiology.
The mean age of all subjects was 27 Ϯ 1 years (range 18 -39 years). One subject in each of the groups had previously undetected hypercholesterolemia (total cholesterol Ͼ 200 mg/dl), all others had serum lipid measurements within the normal range. One subject in the CT group had resting systolic hypertension (BP 145/80 mmHg) while the remaining subjects had normal resting blood pressures. These individuals did not demonstrate reduced FMD at baseline and were not excluded from the final analysis. Subjects in each group demonstrated similar ages, %body fat, body mass index, waist circumference, and percentage body fat measurements (Table 1 ). Physical activity patterns were similar between athletic groups and total physical activity was higher than the sedentary group (Table 1 ). In addition, the subjects demonstrated similar diet intake patterns of macronutrients (fat, carbohydrate, and protein). While caloric intake tended to be higher in the athletic groups than sedentary subjects, this difference was not statistically significant (see Table 3 ).
Blood pressure response to exercise. All subjects exhibited an increase in SBP from 117 Ϯ 2 mmHg (at rest) to 188 Ϯ 4 mmHg during heavy lifting (P Ͻ 0.001). The increase in SBP during weight lifting in these subjects ranged from 63 to 93 (SED), 28 to 110 (CWL), 31 to 124 (RUN), and 35 to 123 mmHg (CT). The mean increase was similar among groups (Table 1) .
Brachial artery reactivity to FMD and NTG. Basal brachial artery diameters were similar among groups and were not altered after the weight lifting episode ( Table 2 ). The baseline brachial artery FMD was similar in SED (8.5 Ϯ 0.8%) and CWL (6.7 Ϯ 0.7%). Consistent with previous studies (26), FMD was impaired in SED but not CWL (Table 2) following weight lifting. Similar to CWL subjects, in the runners and CT group FMD responses were not impaired following a single weight lifting episode (Fig. 1) . However, baseline FMD was reduced compared with SED subjects in runners (5.4 Ϯ 0.5%; P Ͻ 0.001 vs. SED) and CT (4.4 Ϯ 0.3; P Ͻ 0.001 vs. SED). The differences in baseline FMD between groups between before and after exercise within groups were similar when normalized for shear stress ( Table 2 ) since peak shear rates were similar between groups (Table 2) . Endothelium-independent dilation to NTG and peak hyperemic flow velocity responses were similar among groups ( Table 2 ). The peak change in flow velocity during reperfusion was similar before and after weight lifting in all groups ( Table 2 ). The effect of exercise group on FMD was maintained with covariate adjustment for brachial diameter, cholesterol, BP, CRP, baseline glucose or insulin, maximum systolic BP, change in BP during exercise, oxidized HDL, or maximal weight lifted.
Lipids, glucose, and blood markers of inflammation. There were no differences in total cholesterol and HDL and LDL cholesterol within or among groups before and after weight lifting. Blood glucose was similar between groups (Table 1 ). In addition, there was no effect of weight lifting on hsCRP a predictive marker of systemic inflammation (mean CRP: SED: 
DISCUSSION
The primary findings of this study are that 1) similar to weight lifters, subjects engaged in regular aerobic exercise (running) are protected against the impaired endotheliumdependent vasodilation that is observed in sedentary subjects following an acute episode of hypertension associated with brief weight lifting; 2) there is no additive protective benefit of weight lifting and running in the cross training group after exertional hypertension; 3) baseline brachial artery FMD is reduced in runners and cross trainers compared with sedentary subjects. These data suggest that elevations in blood pressure during a single resistance exercise session acutely impair endothelial function in sedentary subjects.
The effects of acute exercise on FMD appear to depend on the disease status of the individual and the type of exercise administered. Similar to previous published data (26), SED subjects not performing regular exercise programs demonstrated impaired brachial FMD following acute hypertension induced by a relatively short weight lifting session. This is consistent with other studies that showed reduced FMD after acute aerobic exercise in overweight and obese inactive subjects but increased FMD in active obese subjects (21) . In contrast, other studies have shown reduced endothelial function in brachial arteries of hypertensive patients (33) and in radial arteries of healthy subjects (16) immediately following acute hand grip exercise. Regardless, physical inactivity is related to several confounders that are inversely associated to endothelial dysfunction such as adiposity, hypertension, smoking, and elevated cholesterol (4) . All of the subjects enrolled in this study were lean with normal BMI and waist circumference measurements (Table 1) , reducing the likelihood that abdominal adiposity and hypertension confounded the effects of lower extremity weight lifting on endothelial dysfunction in this group (6) . Since our sedentary population included healthy nonsmokers, we were able to carefully control for confounding and complex interactions that may exist between acute hypertension and endothelial function that normally require larger sample sizes. Finally, the exercise mode used (lower extremity weight lifting) involved muscle contractions at a site distant to the area of measure (forearm) allowing us to control for local metabolic effects of exercise on blood flow and arterial diameter (33) .
There is a delicate balance between pro-and antioxidant capacity in the vasculature during health and disease. Previous 
Data are presented as means Ϯ SE. studies implicate C-reactive protein and circulating reactive oxygen species in the inflammatory response to exercise (27, 32) . While CRP is known to be detrimental to endothelial function (42) and can be elevated with exercise (45), there was no acute increase in CRP levels after a single bout of resistance exercise in any of the groups (Table 1) . The lack in responsiveness of CRP to acute exercise may be related to the relatively short duration of exercise compared with other studies involving longer bouts of athletic competition. Similar to CRP, there was no effect of exercise on pro-inflammatory HDL in SED or exercise groups (36) . Interestingly, baseline FMD was lower in RUN and CT groups (Fig. 1) , suggesting that reduced NO bioavailability in populations that run Ͼ15 miles/ wk. In a previous study by Hoch et al. (50), brachial FMD was reduced in elite women runners with amenorrhea compared with control subjects. Since other longitudinal exercise training studies demonstrate improved FMD (7, 33) , the cross-sectional design of this study cannot replace the strength of conclusions drawn from longitudinal training studies showing the benefits of exercise training on endothelial function in subjects with disease or differing physiological profiles.
Other studies indicated that there are increased markers of oxidant stress after high-intensity exercise (17, 32) . While the specific link between exercise and NO in male athletes is unknown, it is possible that lower baseline FMD is related to the chronic performance of more vigorous bouts of exercise in the groups of CT and runners. Chronic exercise is associated with increased cardiac output and blood flow. Since increased shear has the capacity to upregulate expression of antioxidant (5, 24)-and pro-oxidant (34)-generating enzyme systems in the endothelium, it is also possible that NO bioavailability is reduced after a single weight lifting session. However, shear rates were not different between groups during hyperemia and there was no association between CRP, oxidized HDL, and FMD, arguing against this possible conclusion.
The magnitude of hypertension generated in our studies is sufficient to reduce endothelial function for sustained periods of time (28, 35) ; however, the duration of reduced FMD after acute weight lifting was not tested in this study. There was no decrease in FMD following exercise in any of our athletic populations (RUN, CT, and CWL; Table 2 ) arguing against a hypertension-induced endothelial dysfunction in physically active populations. Although the specific mechanism responsible for the protective effect of chronic exercise on endothelial function is not known, it appears that running and weight lifting afford a similar protection against endothelial dysfunction during acute hypertension with physical exertion (Fig. 2) . The protective effects of chronic exercise have been ascribed to increases in NO bioavailability since chronic aerobic exercise training improves FMD (47) while reducing NADPH oxidase enzyme expression (1) in patients with coronary disease. Other studies indicate that exercise training improves eNOS (19) and superoxide dismutase (SOD) enzyme expression (44) , both of which would improve NO release. In our study, FMD after weight lifting remains significantly lower in CT compared with post weight lifting FMD in CWL and RUN groups ( Table 2 ), suggesting that the capacity to restore endothelial function may be reduced in populations exposed to higher intensities of physical activity. Consistent with the results of our studies, Goto et al. (18) reported less of an increase in endothelial function after high intensity (75% V O 2max ) compared with moderate intensity (50% V O 2max ) exercise training (18) . Resistance and endurance training increases ROS generation more than endurance training alone (13) . Therefore, future studies should examine the mode and intensity effects of acute exercise on NO-dependent vasodilation in patients with cardiovascular risk factors (i.e., hypertension, hyperlipidemia) known to increase ROS and impair endothelial function.
Study limitations. There are several limitations of this study. First, we eliminated many of the risk factors with known detrimental effects on endothelium such as high blood pressure and hypercholesterolemia. Since exercise prescriptions are commonly recommended for patients with these cardiovascular profiles, it is difficult to generalize our findings to clinical populations. Second, to eliminate the confounding effects of amenorrhea on endothelium in women athletes, we limited our recruitment to men (50) . Future studies should determine if the conditioning effects against acute hypertension induced endothelial dysfunction are similar in women. Third, the cross sectional design of this study prevents us from accounting for the training differences between populations using maximum exercise capacity (V O 2max ) between groups. However, the total exercise time per week (total minutes of physical activity) was greater in the exercise training groups than the SED group (Table 1) , suggesting similar levels of time spent participating in physical activity among athletic populations. Fourth, the time course including duration of the training effect of exercise on endothelial protection against acute exertional hypertension is unknown. Fifth, we were unable to test endothelium independent dilation to nitroglycerin before the weight lifting session because of the residual vasodilator effects of this compound on blood pressure during weight lifting. However, all subjects were healthy and absent of cardiovascular risk factors, lowering the risk of impaired vascular function at baseline time points. Sixth, only peak shear rate was assessed. Other studies have shown that alterations of shear rate within a subject may limit and under-represent the normalized FMD compared with area under the curve (AUC) measurements taken until peak diameter (41) . Although AUC between cuff release and peak diameter was not measured, results shown in Table 2 suggest that the magnitude change between pre-and postexercise using either normalized FMD or %FMD were similar. Similar to shear, brachial diameter was not calculated continuously throughout the cuff release period. Consistent with other studies (9), the diameter calculations were made at 30 s, 1, 2, and 3 min post-cuff release. However, continuous measurement to identify peak diameter, independent of timing, may provide a more robust measure of FMD (11, 20) .
In conclusion, the results reported here suggest that acute hypertension during exertion, induced by heavy weight lifting, impairs endothelial function in sedentary men. The protective effect of chronic exercise against impaired flowmediated dilation induced by acute weight lifting does not appear to be mode specific, indicating that chronic resistance and aerobic exercise may afford similar protection of the endothelium against exposure to acute stressors (i.e., exertional hypertension) that impair vascular health in sedentary subjects. These results may help to explain the exercise paradox whereby chronic exercise is associated with improved cardiovascular health, whereas acute exercise can be associated with increased risk of cardiovascular events (2) . In addition, it is possible that maintained endothelium-dependent vasodilation in conditioned individuals could protect against altered vascular and hemodynamic responses to other physiological perturbations such as acute hypertension, systemic hypoxemia, and hyperglycemia.
